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In this issue of Structure, Lu et al. (2008) report results of structural and functional analysis of rotavirus RNA-
dependent RNA polymerase, VP1. Based on their analyses of VP1 in RNA free and bound forms, the authors
propose a mechanism for coordinated genome packaging and replication.The Reoviridae family consists of a large
number of viruses that infect plants and
animals, including humans. They are
characterized by genomes that, together
with a viral RNA-dependent RNA poly-
merase (RdRP), are present in virions as
multiple, unique segments of double-
stranded RNA, each required for infectiv-
ity (Shatkin and Sipe, 1968; Nonoyama
et al., 1970). Rotaviruses are Reoviridae
members and agents of diarrheal dis-
eases that are estimated to cause millions
of hospitalizations and deaths of infants
and young children worldwide each
year. Because they have segmented
genomes, distinct rotavirus strains can
undergo gene reassortment in cells coin-
fected with viruses of the same se-
rogroup; an effective vaccine consisting
of rotaviruses with ten bovine and one hu-
man genome segment has been devel-
oped recently. A long-standing mystery
is how the eleven specific rotavirus
RdRP genome plus strand transcripts in
the cytoplasm of infected cells are
selectively captured and assembled into
complexes to function as templates for
progeny genome minus strand synthesis.
The report by Lu et al. (2008) provides
exciting new insights into the process.
Lu et al. (2008) describe the crystal
structures of the rotavirus RdRP, VP1,
apoenzyme, and complexes with single-
stranded RNAs with strategically impor-
tant sequences. The overall structure
resembles the cage-like structure of the
reovirus RdRP, previously described by
Tao and coworkers (2002). N-terminal
(aa 1-332) and C-terminal (aa 779-1025)
domains sandwich the polymerase cata-
lytic domain (aa 333-778), the latter of
which has the familiar right hand shape
containing fingers, palm, and thumb
subdomains found in all RNA-dependentpolymerases as well as most DNA poly-
merases. There are four tunnels leading
to a central cavity that contains the
polymerase catalytic site, permitting the
entrance of template and substrates for
replication of the (+) strand to the ()
strand, and the synthesis of many (+)
strands, which are 50-capped, and egress
of dsRNA products. Like other viral
RdRPs, including the close cousin reovi-
rus l3, as well as hepatitis C virus NS5B
(Ago et al., 1999; Bressanelli et al., 1999;
Lesburg et al., 1999), bacteriophage f6
P2 (Butcher et al., 2001), and bovine viral
diarrhea virus (Choi et al., 2004), the rota-
virus VP1 polymerase fingers and thumb
make a closed ring. This closed ring re-
sulting from fingers-thumb interactions
contrasts with the open structure of HIV-1
reverse transcriptase (Kohlstaedt et al.,
1992; Jacobo-Molina et al., 1993), an
RNA-dependent DNA polymerase with
relatively low processivity. An interesting
feature of the active site region found in
rotavirus VP1 and reovirus l3 but not
other viral polymerases, is the presence
of a flexible priming loop that helps to
bind incoming GTP molecules to initiate
RNA synthesis and changes conforma-
tion as the incorporation cycle proceeds.
A portion of the C-terminal ‘‘bracelet’’ do-
main, also found in l3, forms an a-helical
‘‘plug’’ that intrudes into and restricts the
width of the () strand RNA/dsRNA exit
tunnel; the plug must be extruded for
extended RNA synthesis.
In addition to solving the structure of the
apoenzyme, Lu et al. (2008) determined
the rotavirus RdRP complexed with a se-
riesofRNAsegmentswith sequencescor-
responding to 30 (+) consensus sequences
of selected RNA genomic segments. The
(+) RNA octanucleotides bind in the tem-
plate entry channel and make numerousStructure 16, November 12, 2008 ªinteractions, including a network of hydro-
gen bonds with portions of the fingers
subdomain and the N-terminal domain;
some conformational changes, primarily
in the fingers, were observed. Among the
critical findings, extensive contacts with
VP1 residues upstream of the polymerase
active site with conserved UGUG se-
quences serve to position the (+) RNAs in
a consistent manner. A remarkable and
unexpected aspect was the finding that
the 30 end has a single nucleotide over-
shoot, so that the second and third nucle-
otides are across from the N and P sites
(known by comparison with reovirus
RdRP structures), respectively, where ini-
tiation must begin (see Figure 1). The RNA
must shift one register to accomplish the
unprimed initiation, which requires VP1,
VP2, GTP, the template, andMg2+. Similar
experiments with conserved segments of
the 30 () RNA showed that the position
was also overshot by one nucleotide at
the 30 end relative to the active site,
but the conserved AAAA tetranucleotide
of the 30 () structure is not held by a spe-
cific network of contacts, in contrast with
the pattern of specific contacts observed
with the UGUG sequence of the 30 (+)
end. The authors propose that the VP2
core protein, which is required for forma-
tion of activated particles, can coordinate
with the preformed VP1/RNA complexes
to activate the replicase process.
These impressive structural and func-
tional findings document the role of the
30-conserved sequence present in all
eleven rotavirus (+) RNAs as a specific
VP1 binding site and suggest a pathway
for coordinated RNA packaging and ge-
nome replication. Binding of VP1 to RNA
results in stable but enzymatically inactive
replication intermediates, in which the
RNA is nuclease sensitive. They are2008 Elsevier Ltd All rights reserved 1601
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by attachment of VP2. This major core
structural protein promotes conforma-
tional changes that result in realignment
of the template (+) RNA in the VP1 cata-
lytic site and initiation of () strand syn-
thesis. The completed duplexes, fully
packaged in cores and thus nuclease pro-
tected, are then transcribed by VP1 using
a fully conservative mechanism. The (+)
strands contain a conserved sequence
at the 50 end, which is also m7G-capped
by VP3 in the replication intermediates.
As in reoviruses (Tao et al., 2002), the
m7G cap is important for (+) strand 50
end recognition and attachment of VP1,
anchoring one dsRNA segment per
RdRP complex at the core vertices. The
new results provide a VP1-dependent1602 Structure 16, November 12, 2008 ª200pathway for (+) strand RNA packaging in
rotavirus infections, but a challenging
question remains: how is one of each of
the unique eleven rotavirus RNAs se-
lected for assembly into replication inter-
mediates that mature into the infectious
virus containing the genome segments
enclosed in a triple-layered icosahedron?
Although the (+) strand templates have
the same conserved ends and associate
with the same proteins in replication inter-
mediates, they differ in overall sequence
and length, and thus in three-dimensional
folded structure. Higher order structures
formed in the nucleoprotein complexes
likely provide segment-specific packag-
ing recognition elements (e.g., for non-
structural proteins NSP2 and 5 that are
present in viroplasm replication factories8 Elsevier Ltd All rights reservedand in core replication intermediates)
(Patton et al., 2007). It is also worth noting
that a cellular protein controls transcrip-
tion in the dsRNA bacteriophage f6
(Qiao et al., 2008). One can envision
a model in which a collection of eleven
rotavirus VP1-RNA complexes in the
viroplasm are fitted together and snap
into stable replication intermediates, like
a three-dimensional jigsaw puzzle. The
report by Lu et al. (2008) illuminates this
amazing process for replicating infectious
rotavirus and other animal and plant
viruses containing a multi-segmented
dsRNA genome and RdRP.REFERENCES
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S.C. (2002). Cell 111, 733–745.Figure 1. Rotavirus Vp1/Reovirus l3: Keys to RNA Synthesis and Nucleation Sites for Viral
Assembly
Superposition of the incoming () strand RNA (UGUGACC), represented by the gray stick model, from the
rotavirus VP1/RNA complex (PDB Code 2R7X) onto the reovirus l3 (green surface)/RNA (magenta, thin
lines) initiation complex (PDB Code 1N1H). The 30 overshot template nucleotide in the rotavirus structure
(in orange) occupies the center space that connects the four tunnels.
